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~~~~1~i~~il ABSTRACT B
This paper discusses the rectification response non—uniformity of gain across the emit ter .  In an

exhibited by low frequency bipolar transistors when emitter follower circuit such as that which appears
microwave energy is injected. A circuit analysis at the 741 input, the principle circuit response is
model for calculating low frequency small signal due to the emitter—base offset voltage~ which may be
response to microwave energy is discussed and applied calculated from knowledge of device material and
in analyzing the behavior of a 741 op—amp , geometrical factors.

Quantitative theoretical calculations are RI Rectification ModelLi performed to relate the response of a small NPN
transistor similar to that used in a 741 op—amp to Measurements and calculations have shown that
its material and geometrical parameters. rectification in a bipolar transistor operating in a

linear active mode occurs principally at the emitter—
INTRODUCTION base junction. Further, as long as the RI voltage (V)

at the junction is not significantly greater than 26 mV,
It ha~ been found that spurious microwave signals the rectified offset voltage (dv) follows a square law

may be rectified in low—medium FT bipolar transistors relationship and is proportional to the absorbed RI

~~~~ producing a shift in their quiescent operating (Q) power. In this mechanism, (square law rectification)
point, and resultant circuit malfunction. Classic the offaet voltage is basically proportional to the
examples of this effect are pacemaker malfunction second derivative (non—linearity) of the I—V character—
near a microwave oven or electronic brake control istic and to the square of the RI voltage (V).
malfunction near a high power mobile transmitter.

~~~~ For low level microwave injection into a device, The DC offset voltage dV at a PN junction due to
square law envelope detection occurs where a low an impressed RI voltage of nsa value V is given by:
frequency signal is produced which is proportional
to the microwave power absorbed in the device. 

A2
This paper briefly describes a model for ~V $ —. a V Volt

calculating the magnitude of an RI—induced offset 2
~T 

2(026)
voltage at the emitter—base junction of a transistor
in terms of the absorbed RI power and device geo-
metrical and material parameters. The model is then where: VT — — .026 volt IF applied in analysis of the behavior of a 741 op—amp
and comparison is made between measured and experi— The emitter—base junction may be modelled as an
mental results.

RC transmission line~
3’4~ as shown in Figure 2, with

~~~JC EFFECTS parameters R and C determined by device doping and
geometrical factors. Particularly important are theu.j An Rh test circuit for a transistor or IC is emitter—base junction capacitance per unit area

......,J shown in Figure ~~~~ With this circuit, a known (Cw /AE) and the base sheet resistivity (R5) which is
amoun t of RI/microwave energy is injected into the dete rmined by the resistivity (Ps) of the base regionLi.. .. device under test and the change in DC/video or and the base width (Wg) .  The emitter perimeter (R E) is
quiescent operating conditions are observed. The
microwave and DC impedance or termination can be also important. For combinations of the above pars—
independently controlled so that the device exists meters and frequency (w) such that there is AC crowd—
in a given specified environment for both in band jag (a condition which is met in a 741 input transistor
and microwave parameters. at 1 GHz), the input impedance of the transmission line

representing the junction is given by:
A transistor mounted in a circuit similar to

that shown in Figure 1 exhibits a change in emitter—
base voltage and in collector current when microwave Z1 . • . ..~L .

~, 
s ’—~-j (Ohm)

energy from the source V is applied . The behavior
of average collector current is dependent upon the —

value of Thevenin resistance R
~~ 

in the base supply where: R — R5 — C,, ç— (2)

circuit. Small values of R.~ allow the collector

current to increase when power is applied while high For the small input transistor at the input of a
values which maintain a constant base current allow 741 we use the parameter values:
a decrease in collector current when Rh power is
applied . The increase in collector current observ— R9 — 4 X lO3 ohms/square — P B / W B
able when a low base supply Thevenin impedance is C,, — 3 X 10— 12 farad
employed is understandable in terms of a standard
one—dimensiona l , non—linear model which predicts AE 1.92 X l0’~ cis~
an offset voltage at the emitter base junction due 2
to the non—linearity of its I—V characteristic. P~ — 1.77 X l0 cm
The decrease in collector current which is generally
observed in circuitry where the Thevenin impedance
is high is due additionally to AC crowding and +Work supported by NSWC IR funds and NAVELEX Res. 6
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With these numbers the junction input imp edance perimeter at a fixed frequency of 300 MRs is calculat.d,
and measured values of th. offset voltage per unitat 1 GHz is calculated as 11 — 154 absorbed power at 300 MHz on several device. hays been
added for comparison. Clearly, small devices are more

Hsg~.cting PS power losses at all points in the susceptible to rectification effects since they tend
device except at the emitter—base junction, the RM~ to have a higher junction impedance for a given set
RI junction voltage V2 for a given absorb ed power 

~A of doping and current density conditions. With current
is: photoresist—based technology, the minimum line width

of 2—3 micrometers means that an emitter perimeter of
about 10 micrometers i. feasible in an IC device.

______ 
Therefore, future RFI sensitivity viii probably becomeV P~ ~~

._ Volt t significantly greater than it is nJv, even before the
occurrence of any major changes in technology other
than the greater use of ion implanation which allows

where Rj — Re Z1 the realization of small line widths in practical
circuits.

Combining this with (1) and (2) we obtain: 741 Op—Amp Behavior in the Presence of Rectification

AV q /
~
j
~~ ~~~~~ 

(vos/w.n) For measurement pu rposes , Op.-aaps have be~~SC

tested~
6’7~ in circuitry similar to that shown in

Typically, for small transistors such as are used in Figure 1. A known amount of RP power can be injected
into any of the device terminal. and the resultanta 741, t

~
V/PA is several kilovolt. per absorbed watt change in DC or video voltages is observed. The

of microwave power indicating that microwatt levels output voltage (V 0) typically varies in a manner
of RI are sufficient to cause millivolt levels of similar to that shown in Figure 5 as the absorbed
RI!. RI powe r is increased. V0 shows variation whether the

RI is injected at one of the inputs, an offset port
The rectified voltage AV appears in series with or even the output port. Certain ports such as the

the base lead and a fraction (X) of emitter area input or bias offset ports generally tend to be more
(Figure 3) or total emitter current assuming uniform sensitive. The response shows symeetry which is
current density, given by: related to device syiiuetry . For example , the response

with RI power ipjected into the inverting input is
opposite and nearly equal in magnitude to the response

x • _______________ (5) with an equal amount of power injected into the non—
A inverting input. This response syemetry is useful in

RFI cancellation efforts~
8
~.

The fraction X of area is the equivalent region
around the emitter perimeter exicted by P.! which As shown in the data of Figure 5, the change in
decreases exponentially with distance toward the output voltage V0 is proportional to absorbed power
center, divided by the total emitter area. The (Figure 5 is semi log) for low power levels. At
collector cur rent reduction observed in coemon— higher levels the proportionality breaks down with
emitter circuits with high base circuit impedance the output voltage changing in more or less random
occurs because the voltage AV increases the emitter fashion, due to large signal or saturation effects.
edge bias and decreases the bias at the central The analytical portion of this paper is limited to
portion of the enitter, thus redistributing the the low level regime as indicated by the calculation
emitter bias current density toward the edge. The line in Figure 5. At low levels, the square law
current gain at the emitter edge (Be) is lower than rectification model can be expected to hold and

quantitative 741 response estimate. can be made.at the center (Bc) because of fringing effects and
surface recombination at the Si:Si02 interface; so Interference Circuit Analysis
for a constant base current, the collector current
decreases when LW is present. The redistribution In order to analyze the type of data shown in
together with gain variation across the emitter is Figure 5, the RI interaction model described earlier
thus responsible for rectification effects which have was employed in 741 circuitry and subjected to circuit

been reported earlierW. Depending upon the circuit analysis.

application, either the current reduction effect or While a 741 circuit as shown in Figure 6 couldthe voltage offset effect may be more important. have been analyzed directly using large circuit
analysis programe, the circuit was simplified to thatRI! Sensitivity and Device Size shown in Figure 7 for analysis. The simp1~ fied topo—

Equation (4) yields the rectified of fast inter— logy retains the structure of the input circuitry
however , which is desirable if one is testing theference voltage LW at the emitter—base junction of correctness of an RI interaction mod~ 1 on a microscopica transistor per unit absorbed RI power, in term, level. For general Rh circuit analysis, one may pre—of device material and geometrical factor.. It is

particularly interesting to note the inverse relation— fer to use a macromode 1~
5
~ which is perhaps somewhat

ship between sensitivity to rectification PSI, as easier to implement .
evidenced by a high value of LW/PA, and the emitter
perimeter 

~E • The overall circuit gain of 230K for this device
was arrived at by choosing the stage. of Figure 7 to
have voltage gains of 239 , 962 and +1 respectively toChosing typical values of doping and base width,

the line shown in Figure (4) for LW/PA vs emitter 
approximate those of the real design,
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Using the material and doping par ameter e given 8 measured for devics. is less than that predicted
for small NPN 741 input transistors, the 1 GUs for the 741 LW calculation. This may be due to
RI! model parameters are: slightly inaccurate estimates of device material

parameters but is probably due mostly to RI being
3. X 1O 3 volt/watt absorbed in regions of the IC where rectificationiA~~ either does not occur or is not important. Figure

(6) 8 shows measured small signal offset voltages at
* — 0.33* different frequencies.* The roll—off of P.11 sensiti-

vity with frequency is considerably more rapid than
with BE, — 90 , — 180 predicted by the analytical interaction model which

neglects power loss at any point except the emitter—
base junction. Other calculations show that absorp—

The PSI model was then substituted into the circuit t ion in the base—collector overlap region outside
of Figure 7 which was imbedded in a lox resistive the active emitter should become important at about
network of Figure 5. PSI at different  locations 1.5 GUs.
in the model was simulated by activating the source
LW in any of the transistors Q1 Q2 Q5 or Q6 and 

OTHER EFFECTS

calculating the results with the network analysis In PSI measurement on 741 IC’s~
6
~ it was foundprogram NET -2.  that at some frequencies the devices were susceptible

A very simple analysis of RI effects may be to Rh power injected on the output~
5
~ terminal as

conducted assuming that dv acts in series with the they were to RI power injected at the input or bias
input transistor at the inverting input . It may offset ports. In retrospect at least , this is not
be noted that if X — 1.0 in the model , exactly surprising . A feedback path from (which according
this condition result, where LW is equivalent to an to the behavior outlined initially should turn on
eff ective offset  voltage (Vii ) referred to the input harder in the presence of PSI since P.10 is small)
as shown in Figure 8 and : exists through the current mirror Q22 Q23. An

increase in collector current pulls the base

dv,, - -LW (1 + Rp/R 11 - - 11 AV (7) voltage of Q16 down increasing the collector voltage
of Q17 thus driving the output voltage (Q15 & Q25
emitters) more positive , as was observed in measure—

This calculation should form an estimate of the ments .
circuit  response for the cases analyzed with the
ElI in the input and bias offset  transistors. That such effects can occur is important to keep
NET— 2 calculations shoved that: in mind since one might be tempted , because of apace

or other requirements , to use less shielding or
dv — ± 8.85 dV RF B I or NI ports bypassing at the output of a circuit than at the

or input .

SUMRARY
• ± 11.48 dV RI at Bias of fse t  ports

or Q6 Microwave rectification effects in bipolar
transistors have been discussed quantitatively and

Apparently, because of circuit interaction a rectification model has been applied in analysis
betwe en Q5 and Q6, the circuit is slightly more 

of Rh data on 741 operational amplifier.. Calcula-
tions of device behavior from 1 GHz RI are in basic

susceptible to RI! at the bias offset ports than agreement with measurements, although at higher
predicted by the single placement of LW at the frequencies the devices are progressively less
input. Why this is so is not i ediately obvious. suaceptible than indicated by the calculations, which

neglect RI absorption in parasitic region of the
Difficulty in interpreting results from RI! device.

measurements on integrated circuits often occurs
because of the cospl icated paths the RI energy may The RI interaction model shows that for a given
take when it enters the chip. RI energy injected set of material parameters , the susceptibility of
in to the inverting input transistor ~~in Figure 6 a device varies inversely with it. size . Small , high
may be partially absorbed in or as well as speed devices show 1 GUs rectification sensitivity

factor. of about 3 X 103 V/W indicating that microwattQ2. Some Rh may even be absorbed in another 
levels of spurious RI energy are sufficien t to cause

transistor on the chip which has a metalizatton millivolt levels of RI!.
path that rune near that of for example.
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